Cilia (eukaryotic flagella) are present in diverse eukaryotic lineages and have essential motility and sensory functions. The cilium's capacity to sense and transduce extracellular signals depends on dynamic trafficking of ciliary membrane proteins. This trafficking is often mediated by the Bardet-Biedl Syndrome complex (BBSome), a protein complex for which the precise subcellular distribution and mechanisms of action are unclear. In humans, BBSome defects perturb ciliary membrane protein distribution and manifest clinically as Bardet-Biedl Syndrome. Cilia are also important in several parasites that cause tremendous human suffering worldwide, yet biology of the parasite BBSome remains largely unexplored. We examined BBSome functions in Trypanosoma brucei, a flagellated protozoan parasite that causes African sleeping sickness in humans. We report that T. brucei BBS proteins assemble into a BBSome that interacts with clathrin and is localized to membranes of the flagellar pocket and adjacent cytoplasmic vesicles. Using BBS gene knockouts and a mouse infection model, we show the T. brucei BBSome is dispensable for flagellar assembly, motility, bulk endocytosis, and cell viability but required for parasite virulence. Quantitative proteomics reveal alterations in the parasite surface proteome of BBSome mutants, suggesting that virulence defects are caused by failure to maintain fidelity of the host-parasite interface. Interestingly, among proteins altered are those with ubiquitination-dependent localization, and we find that the BBSome interacts with ubiquitin. Collectively, our data indicate that the BBSome facilitates endocytic sorting of select membrane proteins at the base of the cilium, illuminating BBSome roles at a critical host-pathogen interface and offering insights into BBSome molecular mechanisms.
BBSome | virulence | cilium | clathrin | ubiquitin C ilia, also called eukaryotic flagella, are emblematic organelles for which functional and structural similarities across diverse lineages indicate they have existed since the emergence of eukaryotes (1, 2). Although historically considered as machines for cell locomotion and movement of fluids across epithelia, cilia are now recognized as signaling platforms that sense and transduce environmental stimuli to drive cellular responses (3) . As such, cilia constitute a critical cell-environment interface that is paramount for development and physiology of ciliated organisms. In vertebrates, cilium-dependent signaling orchestrates important developmental pathways, such as limb development and kidney morphogenesis, and is required for vision, hearing, and smell (4) . In free-living protists, cilium signaling controls cell motility, mating, and response to extracellular cues (5) .
The cilium is anchored to the cell surface membrane and protrudes into the extracellular milieu. At the core of the organelle is a microtubule-based axoneme that originates at the basal body in the cytoplasm. The axoneme is encased by a ciliary membrane that is contiguous with the plasma membrane but constitutes a specialized domain with distinct protein and lipid composition (6) .
The base of the cilium is not entirely delimited by membrane, and the ciliary matrix (soluble fraction within the cilium) is, thus, topologically contiguous with the cytoplasm. Organellar identity is maintained by a diffusion barrier that bona fide ciliary proteins must traverse; traversal of this barrier in and out of the cilium is critical for cilium function (7) .
In keeping with their critical motility and sensory functions, defective cilia cause a wide range of inherited human diseases, termed ciliopathies, which exhibit diverse clinical manifestations and molecular etiologies (8) . Bardet-Biedl Syndrome (BBS) is a ciliopathy that is mainly characterized by retinopathy, obesity, polydactyly, cognitive impairment, renal abnormalities, and hypogonadism; we currently know of 19 genes (bbs1-bbs19) that, when mutated, can cause BBS (9) . Interestingly, eight bbs genes (bbs1, bbs2, bbs4, bbs5, bbs7, bbs8, bbs9, and bbs18) encode proteins that assemble into a complex termed the Bardet-Biedl Syndrome complex (BBSome) (10, 11) . While cilium assembly is generally unaffected, BBSome mutants in vertebrates and protists exhibit sensing defects resulting from abnormal localization of select ciliary proteins (12) (13) (14) (15) (16) (17) (18) . Although the BBSome is necessary for dynamic trafficking of these membrane-associated proteins
Significance
We combine genetics, biochemistry, cell biology, and proteomics to define Bardet-Biedl Syndrome complex (BBSome) composition, location, and function in the deadly parasite Trypanosoma brucei. BBSome mutants have reduced infectivity in mice, and quantitative proteomics identified parasite surface proteome changes that may underlie reduced virulence. To our knowledge, this work presents the first comprehensive study of the BBSome in any microbial pathogen. T. brucei is also among the earliest organisms to have diverged from other eukaryotes, showing deep evolutionary origins of the BBSome. Localization to membranes and vesicles at the flagellar pocket, together with functional analyses and interaction with clathrin and ubiquitin, supports a model whereby the BBSome functions in postendocytic sorting of select surface proteins.
through the ciliary compartment, its precise location and exact function remain enigmatic.
Ciliated pathogens cause tremendous human suffering worldwide and limit economic development in some of the world's poorest regions (19) . Despite broad awareness of the cilium's role in the pathology of inherited human diseases, the contribution of cilia and ciliary modules, such as the BBSome, to infection by eukaryotic parasites is mostly unknown (20) . Parasite survival and virulence depend on successful interaction with the host environment, and this interaction is mediated, at least in part, by cilia and ciliary proteins (21) . This paradigm applies to the unicellular parasite Trypanosoma brucei, which causes African sleeping sickness in humans and Nagana in cattle. Sleeping sickness is endemic to sub-Saharan Africa, is almost always fatal if untreated, and remains one of the world's most neglected diseases (22) . T. brucei has a single flagellum, which emerges from the cytoplasm through the flagellar pocket at the posterior end of the cell (23) . The flagellar pocket is a pronounced invagination of the plasma membrane that marks the boundary between the flagellar membrane and the rest of the plasma membrane. The trypanosome flagellar pocket is a key host-parasite portal, because it is the sole site of endocytosis, mediates uptake of growth factors, and is a necessary transit point for proteins en route to or from the cell surface (24) .
Given the role of the BBSome in controlling delivery of ciliary proteins important for interaction with the external environment, we examined BBSome functions in mammalian-infectious, bloodstream-stage T. brucei. We report that T. brucei BBS proteins assemble into a BBSome [T. brucei Bardet-Biedl Syndrome complex (TbBBSome)] that localizes to membranes of the flagellar pocket and adjacent cytoplasmic vesicles. BBS gene knockouts (KOs) show the TbBBSome is dispensable for flagellum assembly and parasite viability but required for virulence in a mouse infection model. Quantitative proteomics and biochemical analysis suggest that the TbBBSome interacts with clathrin and ubiquitin to facilitate endocytic trafficking of select cell surface proteins and that defects in these processes underlie the virulence defect of BBSome mutants. Our combined studies offer insights into both parasite biology and the pathophysiology of human ciliopathies.
Results and Discussion T. brucei BBS Proteins Assemble into a BBSome. Similar to the majority of ciliated eukaryotes, T. brucei encodes all eight BBSome proteins, but unlike vertebrates, it lacks the canonical BBS chaperonins BBS6, BBS10, and BBS12, which mediate assembly of the BBSome (11, 25, 26) . Therefore, we sought to determine whether T. brucei Bardet-Biedl Syndrome (TbBBS) proteins assemble into a complex in mammalian-infectious T. brucei cells. To this end, we tagged four BBSome proteins (TbBBS1, TbBBS4, TbBBS5, and TbBBS7) with the triple-HA tag at the endogenous loci and verified expression of fusion proteins in TbBBS-HA/− background (Fig. 1A) . Blue native electrophoresis showed that all four fusion proteins migrate as part of an ∼700-kDa complex, whereas TbBBS7-HA is also part of a 242-to 480-kDa subcomplex (Fig. 1B) . Furthermore, TbBBS4-HA and TbBBS5-HA sediment within ∼14.5S particles in glycerol gradient centrifugation (Fig. 1C) . The size of the complex observed by blue native electrophoresis is consistent with the size predicted from subunit molecular masses (487 kDa) and the size reported in other organisms (10, 26) . Moreover, the ∼14.5S particle observed in glycerol gradient sedimentation is in close agreement with the ∼14S value reported for the BBSome in mammals (10, 27) . A smaller particle (∼12S) was reported for Chlamydomonas (18) . Monomeric TbBBS proteins were not detected, indicating that the vast majority of the TbBBS protein pool is part of the BBSome.
We next affinity-purified the TbBBSome and determined its composition by shotgun proteomics. To this end, we fused TbBBS4 to a dual tag consisting of Protein C and Protein A epitopes [Protein C-tobacco etch virus (TEV) protease site-Protein A (PTP) tag] and verified that TbBBS4-PTP is expressed in TbBBS4-PTP/− background (Fig. 1D ) and remains part of an ∼700-kDa complex (Fig. 1E) as seen for TbBBS-HA proteins. We performed tandem affinity purification (Fig. 1 F and G) and detected all eight predicted BBSome subunits as the most abundant hits in the TbBBS4-PTP eluate (SI Appendix, Table S1 ). These proteins were not recovered in parallel purifications using control cell extracts.
Collectively, our data show presence of the BBSome in a divergent eukaryotic supergroup and make T. brucei one of a few systems in which an actual BBSome has been experimentally shown (10, 17, 18, 26) . Trypanosomes are members of the Excavates, which are early branching unicellular organisms suggested to be a sister group to all other eukaryotes (28) . Presence of an intact BBSome in this divergent lineage supports an early emergence in eukaryotic evolution (10, 25) . Formation of the TbBBSome, despite the lack of canonical BBS chaperonins, suggests that BBSome assembly may occur intrinsically or rely on alternative chaperonins in T. brucei and other nonvertebrate organisms.
TbBBSome Associates with Membranes and Vesicles at the Flagellar Pocket. Despite its importance to cilium biology, the precise subcellular location of the BBSome is unclear (29) . We assessed subcellular localization of TbBBS-HA proteins by immunofluorescence (IF) and detected all fusion proteins near the base of the flagellum ( Fig. 2A and SI Appendix, Fig. S4 ). To date, most studies have relied on IF for determining BBSome localization. To determine TbBBSome location at higher resolution, we performed immuno-EM on three TbBBS-HA proteins. In agreement with IF localizations ( Fig. 2A and SI Appendix, Fig. S4 ) and ref. 30 , we did not detect any specific labeling within the flagellum proper. Instead, we detected gold particles on the flagellar pocket membrane and neighboring cytoplasmic vesicles for all three TbBBS-HA proteins examined ( Fig. 2B and SI Appendix, Table S2 ). For TbBBS1-HA, we also detected a few gold particles at the basal body ( Fig. 2B and SI Appendix, Table S2 ). Such localizations were rarely observed in control samples (SI Appendix, Table S2 ). Our results provide the first demonstration, to our knowledge, of BBSome localization to flagellar pocket and vesicle membranes in vivo. This finding extends in vitro observations that the BBSome forms a coat on liposomes and supports the paradigm that the BBSome regulates trafficking of membrane proteins at the cilium base (14) .
In vertebrates, nematodes, and algae, the major pool of BBSome is near the cilium base, but it is also observed to travel with intraflagellar transport particles along the axoneme (18, (31) (32) (33) (34) . Absence of detectable TbBBSome in the flagellum itself might reflect technical limitations owing to low abundance of BBSome proteins (32, 33) . Alternatively, it might reflect T. brucei-specific adaptations given the extensive elaboration of the flagellar pocket as the sole site of endocytosis in these organisms (24) . In either case, our data suggest a TbBBSome role in vesicle trafficking at the flagellar pocket, a function in agreement with the phenotypes of Leishmania, nematode, and vertebrate BBS mutants (20, (35) (36) (37) (38) .
Association of TbBBS proteins with vesicles at the flagellar pocket points to a role in endocytosis and prompted us to ask whether the TbBBSome interacts with clathrin. Clathrin-mediated endocytosis at the flagellar pocket is considered the sole means of endocytosis in T. brucei (39) and depends on conserved and lineage-specific proteins but not AP-2 adaptin (40). Interestingly, we detected clathrin heavy chain (CHC) in TbBBS4-PTP purifications but not in control eluates (Fig. 2C ). To determine whether this is a trypanosome-specific feature, we asked whether the mammalian BBSome also interacts with clathrin. We found that human BBSome proteins associated with CHC ( Fig. 2D) , leading us to speculate that the BBSome may function in concert with clathrin across all BBS-encoding lineages. Intriguingly, the BBSome exhibits similarities to clathrin adaptor protein complexes, such as common structural domains, membrane recruitment by small GTPases, and the ability to bind lipids (10, 14) . Moreover, clathrinmediated endocytosis is thought to operate at the base of the cilium to control cilium-mediated signaling in multiple organisms (36, 41). It is possible that endocytosis and vesicular transport were ancestral functions of the BBSome (for example, participating in phagocytosis in a protoeukaryote) and that these functions were later repurposed into a dedicated ciliary trafficking machinery on emergence of the cilium (1, 2, 25).
TbBBSome Is Required for Parasite Virulence. To gain insight into TbBBSome functions, we generated gene KOs of TbBBS1, TbBBS4, TbBBS5, TbBBS7, and TbBBS9. TbBBS KOs were generated in cells expressing HA-tagged BBS proteins to enable systematic analysis of the impact on BBS proteins and the BBSome. TbBBS KOs were verified by Southern blotting (SI Appendix, Fig.  S1A ). Expression levels of TbBBS proteins and assembly of the TbBBSome were differentially compromised in individual KOs ( Fig. 3 A and B) . Ablation of TbBBS4 or TbBBS5 had modest effects on the rest of the complex, whereas loss of TbBBS1 resulted in a partial TbBBSome that contains at least TbBBS7 ( Fig. 3 A and B) . In contrast, deletion of TbBBS7 or TbBBS9 seemed to disrupt TbBBSome altogether ( Fig. 3 A and B) . Together, these results indicate that TbBBS7 and TbBBS9 are core subunits, whereas TbBBS1, TbBBS4, and TbBBS5 are in the periphery of the complex. Our results show that the hierarchy of BBSome assembly in the evolutionarily divergent T. brucei is conserved with that observed in mammals (10, 42, 43) .
The BBSome is not generally required for cilium morphogenesis (12, 18) . However, in certain cases, loss of BBSome proteins leads to severe defects in cilium assembly (12, 17, 38, 44) or vesicle accumulation at the cilium base (20, 35) , suggesting organism-and cell-specific requirements for the complex. Depletion of the TbBBSome had no discernible effect on parasite motility (SI Appendix, Fig. S1B ), had only a minor effect on in vitro growth rate (SI Appendix, Fig. S1C ), and did not cause conspicuous defects in axoneme structure (SI Appendix, Fig. S1D ). Given the localization of the TbBBSome ( Fig. 2 A and B and SI Appendix, Fig. S4 ), we also examined ultrastructure of the flagellar pocket and did not detect any alterations in TbBBS KOs (Fig. 3C) . The TbBBSome is, thus, dispensable for parasite viability and motility as well as flagellar and cellular morphogenesis.
Having established that the TbBBSome is dispensable for parasite viability, we asked whether it is required for virulence in a mouse infection model. We used mutants that exhibit substantial loss of the complex, such as TbBBS1 KO and TbBBS9 KO. Control parasites mount a lethal mouse infection within 5-14 days (Fig. 3D) . Strikingly, both TbBBS mutants exhibited decreased virulence as judged by prolonged mouse survival, including some animals that cleared detectable parasites from the bloodstream after an established infection and survived to the end of the experimental timeframe (Fig. 3D) . Reintroduction of WT BBS1 restored the BBSome and suppressed the virulence defect of TbBBS1 KOs (Fig. 3D) , showing that loss of the complex is responsible for the virulence defect. Moreover, BBS1-HA/− virulence was indistinguishable from control parasites, indicating that the HA tag does not affect TbBBS1 function (Fig. 3D ).
TbBBSome Regulates Endocytic Trafficking of Select Membrane
Proteins. KO of the BBS1 gene in the parasite Leishmania major reduced virulence in a mouse footpad model of infection (20) , but underlying mechanisms and presence of a BBSome were not examined. Given the localization of the TbBBSome, we hypothesized that virulence defects in T. brucei stem from failure to orchestrate trafficking events at the flagellar pocket, a critical host-parasite interface responsible for endocytosis of host antibodies and uptake of host-derived growth factors (24) . Host antibodies bind to parasite Variant Surface Glycoproteins (VSGs) that cover the cell surface, mask other epitopes, and switch stochastically (45). VSG switching and rapid endocytic clearance of VSG-Ig complexes through the flagellar pocket enable the parasite population to avoid destruction by the host immune system (46). Therefore, we asked whether TbBBS KOs have defects in clearance of VSG-Ig complexes from the parasite surface, but mutants were similar to WT (Fig. 4A) . Dextran uptake was also unaffected, indicating the TbBBSome is Table S3 sorted by descending Z score (VSG-related, MBAP1, ESAG2, and ISG75, respectively). (E) Western blot for protein pulldowns. TbBBS1-HA and TbBBS4-PTP cell extracts were incubated with control beads and ubiquitin beads. Samples were blotted with anti-HA and antiProtein A to detect tagged TbBBS proteins as well as anti-VSG as control for nonspecific pulldown. Input (1×) and eluate (320×) in anti-HA and anti-Protein A blots; Input (1×) and eluate (8,000×) in anti-VSG blots.
not required for fluid-phase endocytosis (Fig. 4B) . We then gauged receptor-mediated endocytosis by assessing transferrin uptake. In T. brucei, transferrin uptake is mediated by the parasite's heterodimeric transferrin receptor (TfR) that comprises the products of expression site-associated gene 6 (ESAG6) and ESAG7 and localizes to the flagellar pocket (47, 48). TfR binds transferrin at the flagellar pocket and delivers it to acidic endosomes, where transferrin is released and sorted to lysosomes for degradation; TfR then gets recycled to the cell surface (49). Interestingly, we found that transferrin uptake is impaired in all TbBBS KOs, with TbBBS7 and TbBBS9 mutants showing the most severe defects (Fig. 4C) . Impaired uptake is not caused by lower total abundance of TfR or CHC (SI Appendix, Fig. S2A ). Moreover, TfR itself is functional in the TbBBS mutants, because in conditions that block endocytosis, transferrin is bound at the cell surface at levels roughly equivalent to those in WT cells (SI Appendix, Fig. S2B ). Notably, TbBBS4-HA/− and TbBBS4-PTP/− had no defects in transferrin uptake (SI Appendix, Fig. S2C ), further showing that tagged TbBBS proteins are functional (Fig. 3D) .
Defects in transferrin uptake have been reported for a plethora of T. brucei mutants and are typically accompanied by general defects in endocytosis, flagellar pocket enlargement, and cell lethality (50, 51), which are not observed in TbBBS mutants ( Fig. 3C and SI Appendix, Fig. S1C ). Therefore, we postulate that, in TbBBS mutants, transferrin-bound TfR is endocytosed but not properly sorted within the endosomal system; defective sorting results in decreased transferrin release within the cell and increased recycling of transferrinbound TfR to the cell surface. Taken together with the absence of gross morphological or functional aberrations to the flagellar pocket, our results indicate that the TbBBSome is dispensable for general clathrin-mediated endocytosis (39) and that it controls the postendocytic fate of TfR and possibly, other membrane-associated surface proteins. This idea is consistent with the notion that surface protein uptake in T. brucei is nonselective and that sorting takes place at postendocytic steps (24) .
We suspected that a subset of surface proteins beyond TfR depends on TbBBSome for trafficking and that these will be over-or underrepresented on the cell surface of TbBBS mutants compared with control cells. To test this hypothesis, we used an unbiased quantitative proteomic analysis to identify changes in the cell surface proteome of TbBBS KOs. Stable isotope labeling by amino acids in cell culture (SILAC) quantitative proteomics revealed that, although most proteins were of similar abundance in TbBBS KO and control cells, a few were consistently dysregulated in all five TbBBS KOs (Fig. 4D and SI Appendix, Tables S3 and S4 and Fig.  S3 ). Among the most overabundant proteins were T. brucei membrane-bound acidic phosphatase (TbMBAP), ESAG2, two VSGrelated proteins, and three members of the invariant surface glycoprotein (ISG) family ( Fig. 4D and SI Appendix, Table S3 ). TbMBAP traffics between the flagellar pocket and endosomes and normally, is barely detectable at the cell surface but accumulates there on overexpression (52), indicating that saturable sorting mechanisms control its surface distribution. ESAG2 and ISG75 are also known surface proteins (53).
ISG75 is ubiquitinated, and mutation of the ISG75 ubiquitination motif results in overaccumulation at the cell surface, whereas loss of an ubiquitin hydrolase reduces ISG75 abundance (54, 55). The combined results indicate that ubiquitination promotes ISG75 endocytic trafficking and delivery to lysosomes for degradation (54, 55). Intriguingly, we noticed in our proteomics data that ubiquitin was consistently found to copurify with TbBBS4-PTP (SI Appendix, Table S5 ). To independently test whether the TbBBSome interacts with ubiquitin, we incubated parasite cell extracts with ubiquitin beads, and we, indeed, detected specific pulldown of TbBBS1-HA and TbBBS4-PTP but not of an abundant control protein (Fig. 4E ). Thus, it is possible that TbBBSome interacts with ubiquitinated proteins, such as ISG75, and regulates their endocytic trafficking, although additional experiments are needed to test this directly. Nonetheless, our results present the first demonstration, to our knowledge, that BBSome proteins interact with ubiquitin. Although BBSome proteins lack canonical ubiquitinbinding domains, BBS5 contains PH-like domains (10); such domains in other proteins have been shown to bind not only phosphoinositides but also, ubiquitin (56). Thus, it is conceivable that BBS5 binds ubiquitin through its PH-like domains. In other organisms, the BBSome has been implicated in ubiquitin-mediated pathways, and many BBS mutant phenotypes could be explained by a BBSome-ubiquitin interaction. For instance, BBSome proteins interact with the proteasome and are required for degradation of signaling molecules (57). Moreover, the Notch receptor is normally sorted to lysosomes on ubiquitination but accumulates in late endosomes in BBSome mutants (37). Similarly, ubiquitination of Patched1 and Smoothened is thought to promote trafficking out of cilia (58, 59), and both proteins fail to exit cilia in the absence of the BBSome (16) . Interestingly, BBS11, a vertebrate-specific BBS protein that is not part of the BBSome, is an E3 ubiquitin ligase that acts on dysbindin, a regulator of endosomal-lysosomal trafficking (60). Finally, a recent study provided evidence that the BBSome is required for trafficking of ubiquitin-conjugated membrane proteins out of cilia and subsequent lysosomal degradation (61). Thus, it seems that recognizing an ubiquitin moiety is a conserved and integral element of BBSome-dependent protein trafficking.
In summary, we provide the first demonstration, to our knowledge, of a BBSome in a member of the Excavate eukaryotic supergroup. We show the TbBBSome is localized to the flagellar pocket membrane and neighboring vesicles, suggesting a role in endocytic trafficking that is further supported by interaction with clathrin and ubiquitin. Loss of the TbBBSome has pleiotropic effects on the fidelity of the cell surface proteome, and these effects likely underlie the attenuated virulence of TbBBSome mutants. Together, our results expand the realm of BBSomedependent functions to novel host-parasite interactions and suggest that defective endocytosis of ubiquitinated ciliary proteins might contribute to the pathobiology of human ciliopathies.
Experimental Procedures
Detailed methods are provided in SI Appendix, SI Experimental Procedures. Bloodstream-form T. brucei cells were used, and cell culture, cell fractionation, uptake assays, mouse infection, molecular biology, affinity purification, stable isotope labeling by amino acids in cell culture proteomics, tandem MS, immunostaining, and microscopy procedures were done according to standard methods. All animal experiments strictly complied with the Institutional Animal Care and Use Committee of University of California, Los Angeles (approved protocol permit ARC 2001-065). CTATGAATTGTCTTCTATGAATCCAGCGTC and cloned in the pHD496 vector (6).
Western blotting
Cell lysates were run on standard SDS-PAGE gels and blotted on nitrocellulose membranes. (1:5,000, DSHB); rabbit peroxidase-anti-peroxidase (PAP) for protein A detection (1:3,000, Sigma); mouse anti-protein C (1:2,000, Genscript clone HPC4); rabbit anti-VSG 221 (8) (1;100,000, gift of J. Bangs); rabbit anti-clathrin heavy chain (9) (1:5,000, gift of M. Field) and anti-ESAG7 (10) (1:5,000, gift of P. Borst). For detection, membranes were incubated with HRPconjugated goat anti-mouse (1:5,000; Bio-Rad) and goat anti-rabbit (1:10,000; Bio-Rad). To allow detection the following cell equivalents were typically loaded: 5-10x10 6 for tagged BBS proteins, 1x10 6 for clathrin heavy chain, 2x10 6 for ESAG7, 5x10 5 Gradients were centrifuged at 30,000 rpm for 20 hr at 4ºC in a Beckman SW 41 rotor. 16
fractions were collected using a density gradient fractionator (Instrument Specialties Co).
Samples were analyzed by SDS-PAGE, followed by Sypro Ruby staining of molecular weight standards or Western blotting for HA-tagged BBS proteins as described above.
Affinity purification and mass spectrometry analysis of TbBBS4-PTP associated protein complexes
Single step and tandem immunoprecipitation of TbBBS4-PTP were performed as described (12) . Cells were extracted in 50 mM Tris-HCl (pH=7. Tween-20 was omitted in final washes of samples destined for shotgun proteomics. These samples were precipitated with trichloroacetic acid (TCA, Sigma) and resuspended in digestion buffer (100 mM Tris-HCl, pH 8.5, 8M urea), reduced, alkylated and digested by sequential addition of lys-C and trypsin proteases (13, 14) . The digested peptide mixture was desalted and fractionated online using a 75 µm inner diameter fritted fused silica capillary column with a 5 µm pulled electrospray tip and packed with 15 cm of Luna C18(2) 3 µM reversed phase particles in house.
The gradient was delivered via an easy-nLC 1000 ultra high-pressure liquid chromatography (UHPLC) system (Thermo Scientific) (15, 16) . MS/MS spectra were collected on a Q-Exactive mass spectrometer (Thermo Scientific). Data analysis was performed using the ProLuCID and DTASelect2 implemented in the Integrated Proteomics Pipeline -IP2 (Integrated Proteomics Applications, Inc., San Diego, CA) (17) (18) (19) . Protein and peptide identifications were filtered using DTASelect and required at least two unique peptides per protein at a peptide-level false positive rate of 5% as estimated by a decoy database strategy (20) . NSAF (Normalized spectral abundance factor) values were obtained as described (21) .
Immunofluorescence microscopy
Cells were washed once in PBS + 1% glucose (PBS-G) and fixed on ice for 10 min in PBS-G + 3% paraformaldehyde (Electron Microscopy Sciences) at a concentration of 1e7 cells/ml. Axiovision software (Zeiss) and processed using Adobe Photoshop (Adobe Systems).
Immunoelectron microscopy
Immunoelectron microscopy was performed as described (23) . Parasites were fixed in 4% paraformaldehyde, 0.05% glutaraldehyde in 100 mM sodium cacodylate, pH 7.2 for 1 hr at 4°C. Samples were then embedded in 10% gelatin and infiltrated overnight with 2.3M sucrose, 20% polyvinyl pyrrolidone in PIPES/MgCl 2 at 4°C. Samples were trimmed, frozen in liquid nitrogen, and sectioned with a Leica Ultracut UCT7 cryo-ultramicrotome (Leica Microsystems
Inc., Bannockburn, IL). 60 nm sections were blocked with 5% fetal bovine serum, 5% normal goat serum for 30 min and subsequently incubated with mouse anti-HA (BioLegend clone 16B12) followed by secondary antibody conjugated to 18nm colloidal gold (Jackson ImmunoResearch Laboratories, Inc., West Grove PA). Sections were washed in PIPES buffer followed by a water rinse, and stained with 0.3% uranyl acetate/2% methyl cellulose. Samples were viewed with a JEOL 1200EX transmission electron microscope (JEOL USA Inc., Peabody, MA) equipped with an AMT 8 megapixel digital camera (Advanced Microscopy Techniques, Woburn, MA). All labeling experiments were conducted in parallel with controls cells which did not express HA-tagged proteins. Localization to membranes and basal body was scored for gold particles that were observed on the mentioned structures.
Transmission electron microscopy
Parasites were fixed in 3% paraformaldehyde, 3% glutaraldehyde, 1% tannic acid in 100 mM sodium cacodylate, pH 7.2 for 1 hr at room temperature. Fixed cells were washed in fixative without tannic acid and then rinsed and postfixed with 1% osmium tetroxide plus 1.5% potassium ferrocyanide. Dehydration through an acetone gradient was performed, followed by infiltration and embedment in Eponate 12 (Ted Pella, Co.). Sections were cut on a Reichert Ultracut E ultramicrotome, poststained with uranyl acetate and lead citrate, and imaged using a Hitachi H-7000 or a 20 Philips CM 120 transmission electron microscope.
Immunoprecipitation of human BBSome proteins
Human 
Mouse infections
All animal experiments strictly complied with the Institutional Animal Care and Use Committee of University of California, Los Angeles (Approved protocol permit: ARC # 2001-065). BALB/c female mice (The Jackson Laboratory, Bar Harbor, ME), 6 to 10 weeks old, were injected intraperitoneally with 1000 parasites in 0.2 ml cold phosphate buffered saline (pH 7.4).
Parasitemia was monitored daily beginning 4 days post infection using an improved Neubaeur hemocytometer.
Southern blotting
Southern blotting was performed as described (22) . Genomic DNA was isolated with a PureLink Digoxigenin-labeled probes were PCR generated using primers: BlastProbe_F:
CCTCATTGAAAGAGCAACGG; BlastProbe_R: CTCGAATTCTTAGCCCTCCC; PhleoProbe_F:
GCCATCACGAGATTTCGATT; and PhleoProbe_R: CACACTCATGAGATGCCTGC.
Hybridization, washes, and detection were performed using DIG EasyHyb buffer, CDP-Star substrate, and a PCR DIG-probe synthesis kit (Roche).
Sedimentation assay
Cells were resuspended to 3×10 6 cells/ml in fresh HMI-9 with 50% fetal bovine serum. Each culture was aliquoted into six samples (1 ml per cuvette) and incubated for 7.5 hours at 37°C
and 5% CO 2 . The optical density at 600 nm (OD 600 ) was measured every 2.5 hours. At each time point, three samples from each culture were left undisturbed to monitor sedimentation, while the other three samples were resuspended to monitor growth. The change in the OD 600 (ΔOD 600 ) was calculated by subtracting the OD 600 of resuspended samples from that of p. 6 undisturbed samples. Statistical analysis was performed with GraphPad Prism 5 (GraphPad Software).
Growth curve
Cells were resuspended to 1.5×10 5 cells/ml in fresh HMI-9 with 20% fetal bovine serum and incubated at 37°C and 5% CO 2 . Every 24 hours, cultures were counted (Coulter counter) and split to the same seeding density. Statistical analysis was performed with GraphPad Prism 5
(GraphPad Software).
VSG clearance assay
VSG clearance was performed as described previously (24) . Cells were washed with ice-cold 20% fetal bovine serum in HMI-9, resuspended at 10 7 cells/ml in ice-cold 50% fetal bovine serum in HMI-9 and kept on ice for 15 min. 
Uptake assays
Uptake assays were performed as described previously (24, 25) . Cells were washed with warm added to the remaining sample to final concentration of 50 μg/ml and 500 μg/ml respectively.
Samples were incubated at 37°C for 15 min and uptake was stopped by adding ice-cold PBS-G. 
SILAC proteomic analysis
HMI-9 media was prepared as described (2), using IMDM lacking L-lysine and L-arginine with an equal number of WT cells. Surface proteins were biotinylated and purified from each BBS-KO:WT cell mixture following VSG depletion, as previously described (26) . Proteomic analyses were performed essentially as described (27) . On-bead samples were mixed with digestion buffer (100 mM Tris-HCl, pH 8.5, 8 M urea). The samples were reduced and alkylated by sequential treatment with 5 mM tris(2-carboxyethyl) phosphine (TCEP) and 10 mM iodoacetamide as described earlier (13, 14) . Afterward, samples were sequentially digested with Lys-C and trypsin proteases as previously described (14) . The digestion was stopped by addition of formic acid to 5% and peptide digests analyzed by LC-MS/MS on a Thermofisher QExactive. Peptide digests were desalted offline by C18 tip (Pierce) and separated online using reversed-phase chromatography on a 75 µM inner diameter fritted fused silica capillary column with a 5 µM pulled electrospray tip that was packed in-house with 15 cm of Luna C18(2) 3 µM reversed phase particles. An EASY-nLC 1000 ultra-high pressure liquid chromatography (UHPLC) system (Thermo Scientific) was used to deliver a linear acetonitrile gradient from 3% to 30% solvent B (Buffer A: 0.1% formic acid, Buffer B: Acetonitrile/ 0.1% formic acid) at a flow p. 8 rate of 200 nl/min. MS/MS spectra were collected on a Q-Exactive mass spectrometer (Thermo Scientific) as described (15, 16) . Raw data files were converted to MS2 files using RawExtractor resulting from carbamidomethylation. Protein and peptide identifications were filtered using DTASelect with mass accuracy statistics enabled (--mass) and required at least two unique peptides per protein and a spectra-level false positive rate of less than 1% as estimated by a reverse decoy database strategy (20) . Intensity based quantitative interrogation of SILAC datasets was performed within the Skyline software package (30) . Within Skyline, only uniquely mapping, fully tryptic peptides with no missed cleavages were considered for inquiry. HeavyLight peak sets were annotated with q-values based on a target-decoy peak-picking approach provided by the mProphet algorithm, generating a randomly mass shifted decoy for each peptide (31) . SILAC isotopic peak area ratios for the mProphet annotated peak boundaries were exported from Skyline and analyzed within R v3.2 (32) . For subsequent analysis, we considered only proteins which were detected in wild type and all five TbBBS mutants by at least three peptides passing the mProphet q-value threshold of 0.01. Mutant/WT ratios were Log2-transformed to derive Log Fold Changes (LogFC). LogFC were then standardized to Z-scores to facilitate comparisons across mutants. Individual Z-scores are shown in heat maps with hierarchical clustering (Euclidean distance and Ward's linkage), while Z-scores averaged over TbBBS mutants are shown in dot plots.
Ubiquitin pulldown assay
Cells were extracted in 50 mM Tris-HCl (pH=7. 
